Abstract-A method for assessing and optimizing the feedback level in a transistor-grid oscillator is presented. Based on the approximate large-signal S-parameters of the transistor, an equivalent circuit model for the grid is synthesized for maximum oscillator power. The resulting circuit serves as a convenient benchmark for determining the level of feedback for a given grid. Experimental results are presented for five different grid oscillators covering S through Ka bands. By varying the substrate thickness and metallization pattern of the grid, the feedback can be optimized in accordance with the theory. A grid with an asymmetric unit cell is shown to deliver almost 60% more effective radiated power (ERP) than a grid with a symmetric unit cell.
I. INTRODUCTION
G RID oscillators are large-scale power combiners that have shown promise for realizing moderate to highpower millimeter-wave sources [1] - [3] . A grid oscillator is shown schematically in Fig. 1 , where a metal grating is loaded with either two-or three-terminal solid-state devices. The grating is etched on a dielectric substrate and has a period much smaller than a free-space wavelength. The vertical leads of the grating serve as antennas, and the horizontal leads as dc bias lines. If properly designed, the bias lines do not affect the high-frequency performance of the active grid, as the radiated electric field is vertically polarized. A mirror is placed behind the grid to provide the positive feedback necessary for oscillation. A partially transparent reflector is sometimes placed in front of the grid. This configuration is analogous to a Fabry-Perot cavity laser, where the active grid serves as the gain medium.
When dc bias is applied, an oscillation is triggered by transients or noise, and each device oscillates at a different frequency. An incoherent wave radiates from the grid, reflects off the mirrors, and injection-locks the oscillating devices. At the onset of oscillation, different cavity modes compete, as in a laser. Since most grid oscillators use low-unstable Fabry-Perot resonators, the mode with the lowest diffraction loss most likely dominates [3] . After a few round trips, the higher order modes lose most of their power to diffraction, resulting in a single-frequency self-locked coherent oscillation. Designing a grid oscillator requires that the steady-state oscillation condition [4] be met. In addition, for a power-grid design, the load resistance must be optimized and the feedback level adjusted so that the device operates at maximum power-added efficiency [5] . To meet all of these constraints simultaneously at the desired oscillation frequency, the grid dimensions, substrate parameters, metallization pattern, and mirror positions must be adjusted iteratively. Even with the aid of equivalent circuit models, this process can be quite tedious and time consuming. This paper describes a synthesis procedure that not only incorporates the oscillation condition, but also optimizes the feedback level and load impedance of a grid oscillator. Section II begins by describing how the circular function [6] accurately models grid oscillators. It also discusses how a grid can be reduced to an equivalent two-port embedding circuit that can be used to analyze a grid from the standpoint of negative resistance. Section III presents a method for optimizing this embedding circuit to maximize oscillator power. This optimum circuit, together with its associated circular function, is used as a benchmark for assessing and improving the performance of several experimental grids in Sections IV and V.
II. GRID-OSCILLATOR ANALYSIS

A. Circular-Function Analysis
Grid oscillators are most often analyzed using the unit-cell approximation [1] , in which it is assumed that the grid is infinite in extent and that the devices oscillate at the same frequency and phase. As shown in Fig. 2(a) , the unit cell can be separated into two components: the embedding circuit (consisting of the metal grating, dielectric substrate, mirror, and free space), which can be characterized using approximate [1] or full-wave [7] methods, and the active device, which can be characterized using linear -parameters or a nonlinear circuit model. The generalized steady-state oscillation condition [4] of an -port feedback oscillator is (1) where and are the -port scattering matrices of the device and embedding networks, respectively. For , as in Fig. 2 (b), (1) reduces to (2) where and A circuit simulator can be used to analyze this closed-loop circuit by breaking the loop at some point and inserting a probe (Fig. 3) . The simulator then determines the loop gain . If a standard circulator is used as the probe, the signalflow graph in Fig. 4 results. Applying Mason's rule [8] to this graph results in the following expression for the loop gain, or circular function, as it is referred to in [6] : (3) Note that when , (3) is equivalent to the steady-state oscillation condition (2) .
If (3) is evaluated using the transistor's small-signal -parameters, oscillation start-up requires that . To reach steady state, gain compression causes the transistor -parameters to saturate until the condition is satisfied at the oscillation frequency. Fig. 5 illustrates the circular-function analysis of two grid oscillators with identical unit cells, but with different substrate and mirror characteristics. Fig. 5(a) shows the circular function for a transistor-loaded grid in free space, with no dielectric substrate or mirror. Since the magnitude of the circular function is less than one, no oscillation is possible. However, when the grid is backed by a 6.35-mm-thick substrate with , two modes are predicted at 2.8 and 6.5 GHz [see Fig. 5(b) ]. This agrees with measured oscillation modes at 2.7 and 6.4 GHz (Fig. 6) .
Another example is a monolithic 100-element pseudomorphic high electron-mobility transistor (100-pHEMT) grid oscillator that was designed by the University of Colorado, fabricated by Honeywell, and tested by TLC Precision Wafer Technology, Inc. The grid is fabricated on a 100-m-thick GaAs wafer and placed on a 254-m-thick alumina substrate (Fig. 7) . The measured oscillation frequency is 31.1 GHz [9] .
B. Negative-Resistance Grid Model
Since the passive embedding network for the grid is reciprocal, it can be represented as a lumped equivalent circuit, as shown in Fig. 8(a) , where are the associated twoport -parameters. For a typical unit cell [e.g., Fig. 2(a) ], this equivalent circuit takes the form shown in Fig. 8(b) . The capacitors and model the gate-source and drain-source gaps of the grid, respectively. The inductor and resistor model the lead inductance, substrate thickness, mirror position, and radiation into free space. Connecting the equivalent circuit to the transistor results in the model shown in Fig. 9(a) . If the resistor is removed, an equivalent one-port negative-resistance model of the grid oscillator is obtained [see Fig. 9(b) ]. Oscillation start-up requires that the absolute value of this negative resistance be greater than the load resistance. Using this model, we can reexamine the cases described earlier. Fig. 10 (a) and (b) shows the negative-resistance models whose circular functions were plotted in Fig. 5(a) and (b) , respectively. In Fig. 10(a) , since the magnitude of the negative resistance of the embedded device is less than the load resistance, no oscillation is possible. In Fig. 10(b) , two equivalent circuits are shown, each corresponding to a different frequency. In both cases, the negative resistance is greater than the load resistance, thus, oscillation is possible. 
III. SYNTHESIS OF THE OPTIMUM GRID EQUIVALENT CIRCUIT
The lumped equivalent circuit discussed above can be optimized for maximum oscillator power. The general approach is described in [10] . Briefly, the equivalent network, shown in Fig. 8(a) , is synthesized to satisfy the oscillation condition and to set the proper feedback level and load resistance for maximum power. The embedding elements are given by [11] where and is the voltage gain in the feedback loop, as discussed in [10] and [12] .
The design of this network is based on the large-signal -parameters of the active device corresponding to the point of optimum gain compression. These parameters can be found, for example, using the approximation described by Johnson [13] , who showed that the large-signal effects associated with transistor saturation can be approximated by simply reducing the device's and assuming that all other -parameters remain the same as their small-signal values.
The advantage of this synthesis approach is that a number of key elements are built-in. This approach: 1) satisfies the oscillation start-up condition at small-signal levels ; 2) satisfies the steady-state oscillation condition at large-signal levels ; 3) is designed for a specified oscillation frequency; and 4) is designed for the proper level of feedback for optimum gain compression, thus maximizing oscillator power.
As an example, the optimum lumped equivalent circuit for the HP-Avantek ATF-26836 MESFET is shown in Fig. 11 . Note that this design approach predicts that the optimum grid geometry for this device is not symmetric. Rather, the optimum grid should present a larger capacitance to the gate-source port of the transistor than to the drain-source port. A grid designed using this approach will be described in Section V.
IV. BENCHMARKING GRID-OSCILLATOR PERFORMANCE
Once the optimum embedding network has been determined for a given transistor, the associated circular function can be computed from (3) and used as a benchmark for determining whether a given grid oscillator has too little or too much feedback.
It is useful to use the concept of maximum-efficient gain [14] , [15] , defined as (4) where (a) (b) Fig. 12 . Transistor saturation characteristics and circular-function plane for (a) the optimal operating point, and (b) two suboptimal operating points. P in is the input power to the transistor, as indicated in Fig. 2(b) , and P osc = P out 0 P in is the radiated power. Johnson [13] showed that the large-signal value of corresponding to maximum oscillator power is (5) where is the value of (4) computed using the smallsignal transistor -parameters. The gain compression corresponding to the optimum operating point is then (6) Since the -parameters are frequency-dependent, the circular function is actually a locus of points, but the particular point of interest for this discussion is the frequency at which . Two cases are shown in Fig. 12 . In the optimum case, the small-signal value of should be displaced from its large-signal steady-state value (i.e., 1 0 ) by an amount corresponding to [see Fig. 12(a) ]. Since this value of corresponds to the optimum case, it is referred to as . There are two operating points shown in Fig. 12(b) that represent suboptimal performance. Both cases have less than the maximum available oscillator power, but for different reasons: point suffers from gain compression that is too low , while point suffers from gain compression that is too high . For point , the transistor operates in the near-linear regime since the circular function requires only a small amount of gain compression to reach steady state. For point , the transistor is heavily compressed since the feedback level is too high.
There are several disadvantages of operating at point . In this regime, the oscillator power drops off more sharply, so it is more sensitive to design variations in the feedback network. An oscillator operating in the nonlinear regime is also more likely to have higher harmonic content. For a MESFET, point is also associated with high input power at the gate, which could cause the Schottky gate diode to be driven into forwardbias; this could result in a large current density in the gate metallization, which can lead to degraded device reliability.
Most grid oscillators demonstrated to date have had too much feedback [5] . The design of an optimized grid must, therefore, include a feedback-reduction mechanism to move the circular function toward . To illustrate, consider a 5 5 pHEMT grid oscillator with varying substrate thickness. Three -functions, corresponding to different thicknesses of Emerson and Cuming Stycast HiK , are shown in Fig. 13 . Since the oscillation frequency is different for each case (see Table I ), three different optimum embedding circuits can Fig. 13 .
Since for all three cases, we immediately conclude that the grids have excessive feedback. Moreover, the grid with the thinnest substrate is the most compressed, and should have the least power. The experimental results in Table I support this. The existence of harmonics also supports the view that these oscillators are over-compressed.
V. OPTIMIZING GRID PERFORMANCE
The example above demonstrates how the feedback level can be controlled by varying the substrate thickness. Another way of controlling the feedback is to alter the unit-cell geometry in some way. Hacker et al. [5] used a meandered gate lead to control the compression level in a gate-feedback grid. For a source-feedback grid, the feedback can be controlled by using an asymmetric unit cell [see Fig. 14(a) ], as suggested by the asymmetric optimum circuit of Fig. 11 . As before, the drain is connected to a short dipole radiating element. However, the width of the radiating element connected to the gate is extended across the full width of the unit cell, resulting in a slot, rather than dipole radiator. By adjusting the dimensions of this slot, the amount of feedback to the gate and, hence, the compression level, can be controlled to some extent.
To demonstrate, two 4 4 -band grid oscillators were fabricated with the metallization patterns shown in Fig. 14 . Both grids have the same unit-cell dimensions, substrate, and mirror spacing. The simulated -functions are shown in Fig. 15 . At the same dc bias level, the slot/dipole-grid oscillator demonstrated up to 58% more ERP than the dipole-grid oscillator (Table II) . While both grids are slightly overcompressed, they are not as compressed as the pHEMT grids discussed earlier.
No harmonics were observed for either grid. Fig. 16 shows the measured radiation patterns. Based on an estimate of the directivity from these patterns, the highest conversion efficiency for the slot/dipole grid was 21%, while that of the dipole grid was approximately 10%.
VI. CONCLUSION
Five different grid oscillators, covering through bands, were designed using the unit-cell approximation and analyzed using the circular-function method. In all cases, the predicted oscillation frequency was within 5% of the measurement. An analytical method was presented for determining the embedding circuit for a grid oscillator that results in maximum oscillator power. Experimental results were correlated to theory, demonstrating how the substrate thickness and metallization pattern could be varied to optimize the feedback level and increase the ERP.
